Off-axis electron holography was used to investigate the barrier profile of the Py/ AlO x / ZrO y / Py magnetic tunnel junctions with different ZrO y thicknesses. The tunneling magnetoresistance ͑TMR͒ has a strong dependence on bias voltage and the bias voltage for maximum TMR is shifted from zero. This shift increases with ZrO y barrier thickness due to the increasing barrier asymmetry in the junctions. The evolution of barrier asymmetry was directly observed by the phase change of the off-axis electron holography, which unambiguously shows the barrier profile changes from triangular to trapezoidal shape as increasing of ZrO y thickness.
I. INTRODUCTION
Magnetic tunnel junctions ͑MTJs͒ attract much attention for their fundamental physics and potential applications in high-density magnetic read head sensors and magnetic random access memories. 1 Recently, MTJs with very high TMR ratio were fabricated by Parkin, 2 Yuasa, 3 and other groups 4 using MgO as the barrier. It is expected the industrial products utilizing the high tunneling magnetoresistance will be available soon. However, there are still many issues that remain to be fully understood. One of them is the bias voltage dependence of TMR. In most cases, TMR decreases with increasing bias voltage and even changes to negative at higher bias voltage. 5 This behavior was explained by magnon excitation, 6 density of states, 7 impurity assisted tunneling, 8, 9 and quantum coherence. 10 It is often found that the bias voltage for maximum TMR is shifted from zero when TMR's bias voltage dependence is asymmetric. It is advantageous for applications because we can engineer the MTJs to work at maximum TMR under a specific bias. The asymmetric bias dependence has been studied in MTJs with dissimilar electrodes, such as Co/ Al 2 O 3 /Py ͑Py= Ni 81 Fe 19 ͒ junctions 11 and Co/ Al 2 O 3 / Co junctions with different crystal structures of Co. 12 It has also been studied in MTJs with the different barrier heights at the top and bottom interfaces as seen in a Co/ Cu/ Co/ Al 2 O 3 / Co junction where the steplike potential barrier was created by diffusing Cu into the Al 2 O 3 interface 13 and in FeCo/ TaO x / FeCo junctions where the asymmetric barrier was formed by different oxidation conditions. 14 Many techniques have been used to characterize the ultrathin barrier in MTJ. 14, 15 As a direction characterization technique, transmission electron microscopy ͑TEM͒ has been widely used to determine the relationships between microstructures and physical properties. 16 Here it was used to investigate the barriers shape revolution with different Zr thickness.
In this paper, we report the fabrication and detection of the trapezoidal-like tunnel barrier formed by AlO x / ZrO y . It was found that the bias voltage dependence of TMR is clearly asymmetric and the degree of asymmetry increases as the ZrO y layer gets thicker. The evolution of barrier asymmetry was directly observed by off-axis electron holography. As compared to the observation of barrier asymmetry using the photoconductance method by Koller et al., 14 not only can off-axis electron holography detect barrier asymmetry directly, but it can also determine the barrier width accurately.
II. EXPERIMENTS
The MTJs were deposited by magnetron sputtering system with a base pressure of 2 ϫ 10 −7 Torr. The structure of the as-deposited film is Si / Py͑21͒ / Cu͑6.5͒ / FeMn͑12͒ / Py͑6͒ / Al͑0.45͒ + Zr͑0 -2.6͒ + oxidation/ Py͑6͒ /Ta͑5.4͒, where Py stands for Ni 81 Fe 19 , and the numbers in parentheses are layer thickness in nanometers. The barrier was fabricated by depositing a uniform 0.45-nm-thick Al layer and wedge-shaped Zr layer with thickness ranging from 0 to 2.6 nm, followed by plasma oxidation at 60 mTorr for 120 s. MTJ samples with areas from 0.0078 to 0.125 mm 2 were defined by standard photolithography and ion-beam etching processes. More detailed fabrication procedures can be found elsewhere. 17 The transport measurements were done using the four-probe method at room temperature. The positive bias voltage refers to current flowing from the top electrode to the bottom electrode. The specimens for transmission electron microscope ͑TEM͒ study were prepared by standard process. Special care was taken to ensure the thickness was uniform in the region interested. After the thickness of the cross-sectional sample is reduced to less than 10 m by standard procedures, a 3°low angle Ar focused ion beam at 4 kV was applied to the sample for 3 -5 min with the sample rotating in 360°. The focused ion beam was stopped when a hole appeared in the center of the specimen. Finally the thickness of the specimen was further reduced in the Fischione 1010 ion milling device with spread Ar ion beam. The ultramicrotome of RMC Powertom XL system was used to prepare the cross section ultrathin slice.
A Philips CM 200-FEG TEM with a field emission gun equipped with an electrostatic biprism inserted at the posi-tion of the selected aperture holder was used to characterize the films' microstructure and to conduct the off-axis electron holography experiments. The off-axis electron holography was performed in high resolution transmission electron microscopy ͑HREM͒ mode by applying 120 V positive bias voltage to the electrostatic biprism. The holograms were processed using the Holoworks 18 package embedded in Digital Micrograph software. A TECNAI G 2 F20 with a field emission gun equipped with energy dispersive x-ray analysis ͑EDX͒ and high-angle annular dark-field ͑HAADF͒ devices was used to investigate the Al and Zr distribution.
III. RESULTS AND DISCUSSIONS

A. TMR bias voltage dependent measurements
A typical bias voltage dependence of the TMR is shown in Fig. 1 . We denote the voltage where TMR has maximum as V M . The asymmetric property of the TMR bias voltage dependence is clearly seen. The V M shifts from zero about 25 mV for this particular junction, and we can see that the TMR dependence on positive and negative bias voltage is very different. The TMR rapidly reduces as the positive bias voltage increases and eventually changes to negative, but has a relatively weaker dependence with negative bias voltage and never changes sign even at large bias voltage. The origin of this shift of V M is due to the asymmetry of the tunnel barrier. It is known the AlO x has a higher barrier height ͑2.4 eV͒ ͑Ref. 7͒ than ZrO y ͑1.6 eV͒. 19 When AlO x was fabricated on the bottom electrode and ZrO y was fabricated under the top electrode, an asymmetric composite barrier was formed. At zero bias voltage, the asymmetric barrier can be represented by a trapezoid with a relatively low average barrier height as Fig. 2͑a͒ . When a negative bias voltage is applied to the junction, the Fermi level of the top electrode is raised, changing the shape of the barrier towards a square potential as Fig. 2͑b͒ . At this bias voltage when the trapezoid-like barrier becomes rectangular, namely when the asymmetric barrier profile becomes symmetric, TMR reaches maximum. This is consistent with the fact that the maximum TMR is always observed when the barrier shape is symmetric. 7, 14 However, if the applied negative bias voltage keeps increasing, the barrier will become asymmetric again as Fig. 2͑c͒ and TMR will start to decrease. In contrast, when a positive bias voltage is applied, the Fermi level of the bottom electrode is going to be increased, which will make the barrier shape more asymmetric as Fig. 2͑d͒ than the case of zero bias, so the TMR decreases monotonically.
The V M of a series of junctions with different ZrO y thickness was measured and summarized in Fig. 3 . The V M increases with the nominal Zr width increasing. It is natural to assume that there is a large degree of the mixing between Zr layer and Al layer at the thinner end of the Zr wedge, and more pure Zr exists at the top interface when Zr layer gets thicker, thus resulting in a more asymmetric barrier after oxidation. This increasing of barrier asymmetry was probed directly by the off-axis electron holography as shown next. 
B. TEM measurements
TEM studies were carried out to investigate the relation between the V M and barrier asymmetry. Figures 4͑a͒-4͑c͒ show the HREM images of the MTJs with the 1.3-, 1.7-, and 1.9-nm-thick Zr, respectively. For these specimens, the bottom and top electrodes all have very strong ͑111͒ texture, which is consistent with previous research. 15, 16 The barrier widths of these three MTJs determined from the HREM images are about 3.05, 3.29, and 3.41 nm, respectively. HREM is a powerful tool to characterize the crystal material structure on the atomic scale, but not an ideal technique to investigate the amorphous barrier layers in these samples. Here, from the HREM we could not explain the V M changing with the Zr thickness.
As shown in our previous publication, 16 off-axis electron holography is a very useful tool to study the amorphous barrier in MTJs by detecting the phase change in high resolution. Two electron waves traveling on both sides of the biprism were attracted towards the biprism by applying positive bias voltage. Higher bias voltage would induce a broader interference pattern and smaller fringe spacing. The phase change of the electron wave in TEM that has passed through a material can be extracted from the hologram. It can be used to detect the inner potential and probe the barrier shape directly and determine the barrier width accurately. In our experiments there is no external electric field. The magnetic field influence can be neglected since the magnetic field of the electrode is far less than the magnetic field induced by the TEM column. Thus the phase change can be written as 20 = C E V 0 ͑x,y͒t͑x,y͒,
where C E is a constant dependent on the high voltage of TEM, in the case of an accelerating voltage of 200 kV in our experiments, C E equals 7.3ϫ 10 −3 rad V −1 nm −1 , t͑x , y͒ is the thickness of the specimen, and V 0 ͑x , y͒ is the mean inner potential of the material. It is critical to keep sample thickness uniform in the area of interest if we want to represent the barrier profile by . The preferential thinning in the barrier region during membrane preparation was minimized by using high quality Gatan PIPs focused ion beam in a very short time. It was confirmed by Fig. 5 . The ͑a͒ and ͑b͒ images were taken from both sides of an ultrathin slice, which was cross cut from a standard TEM specimen for electron holography by ultramicrotome of RMC Powertom XL system. We can find that the preferential thinning exists among the top-bottom-electrodes and the barrier layer. However, almost no preferential thinning exists in the composite barrier. The thickness of the barrier layer formed by AlO x and ZrO y can be considered constant and the barrier profile can be represented by .
The standard hologram of the MTJ with 1.3-nm-thick Zr is shown in Fig. 6͑a͒ . For subsequent compensation of artifacts of the reconstructed phase image stemming from geometric distortions, a reference hologram was recorded as suggested in Ref. 21 . For this reason, the specimen was retracted from the hologram very carefully to ensure that the optical parameters of the microscope did not change. The fringe spacing of hologram without specimen in the beam is about 0.15 nm. So the spatial resolution of the reconstructed phase image is about 0.3-0.45 nm because every detail resolved after reconstruction had to be sampled with 2-3 hologram fringes. The phase detection limit is about 2 50 which was estimated using = ͱ2/͑V 2 N͒ 22 under the visibility V about 50% and electron dose N about 600. Here the signal transfer efficiency for CCD camera is set as 1. Figure 6͑b͒ shows the phase image reconstructed from ͑a͒. The phase 3-nm-thick Zr. ͑b͒ is the reconstructed phase image of ͑a͒. ͑c͒, ͑d͒, ͑e͒ are the averaged phase profile for Zr thickness of 1.3, 1.7, and 1.9 nm, respectively. ͑f͒, ͑g͒, ͑h͒ Al and Zr distribution for ͑c͒, ͑d͒, and ͑e͒, respectively, from line scanning EDX. and 3.40 nm, of these three MTJs can be measured from the full-width at half-maximum of the phase change peaks. They are consistent with the width directly measured by HREM. is symmetric with a 1.3-nm-thick Zr layer as shown in Fig.  6͑c͒ . With the increase of Zr layer thickness to 1.7 and 1.9 nm, becomes more and more asymmetric as shown in Figs. 6͑d͒ and 6͑e͒. It is believed that this increasing degree of asymmetry in with Zr layer thickness is caused by the increasing asymmetry composition of the tunneling barrier. It is consistent with our expectation that there is a large degree of the mixing between the Zr and Al layers at the thinner end of the Zr wedge, and more pure Zr exists at the top interface when the Zr layer gets thicker, thus resulting in a more asymmetric barrier after oxidation.
C. Al and Zr distribution measurement
In order to clarify the degree of mixing for the AlO x and ZrO y layers, the EDX line scan analysis was carried out to study the distribution of Al and Zr across the barrier. The results are shown in Figs. 6͑f͒-6͑h͒ corresponding to the samples shown in ͑c͒, ͑d͒, and ͑e͒, respectively. The line scan was done perpendicular to the barrier from bottom electrode to top electrode. It can be clearly seen that the distribution peaks of Al and Zr are gradually separated with increasing Zr thickness, giving more evidence for the formation of a more asymmetric barrier at the thicker end of the Zr wedge. The low record counts are caused by the small quantity of Al and Zr in the barrier and short time data collection to avoid the specimen holder fluctuation effect. From the results we can give a proposal that the barrier revolution is from homogeneous AlZrO x ͑mixed entirety͒ to AlO x -AlZrO x -ZrO y ͑mixed partially͒ compositional barrier with Zr thickness increasing.
IV. CONCLUSION
In conclusion, we reported the direct measurement of barrier asymmetry in MTJs using off-axis electron holography. The bias voltage at maximum TMR in MTJs with AlO x and ZrO y composite barrier increases with Zr thickness due to an increase of barrier asymmetry. This evolution of barrier asymmetry was directly observed by phase change of electron holography. The barrier profile was found to change from triangular shape to trapezoidal shape as increasing of ZrO y thickness.
